MicroRNA-146a participates in spinal cord injury (SCI) recovery. Until recently, how miRNA-146a participates in SCI remained unclear. In this study, we tried to explore the roles of miRNA-146a in the recovery of SCI using a rat model. The expression of the probable target genes of miRNA-146a (including IRAK1 and TARF6) as well as proinflammation cytokines were measured until 7 days after surgery in the three groups (sham group, SCI group, and miRNA-146a antagomir injection group). Also, the animals' motivations were estimated using Basso Beattie Bresnahan (BBB) during the whole experiment. A luciferase assay was performed to demonstrate that miRNA-146a could directly target the mRNAs of IRAK1 and TRAF6. Our experiments indicate that miRNA-146a inhibits proinflammatory cytokine secretion by suppressing IRAK1 and TRAF6 expression in the SCI model. In contrast, miRNA146a may be upregulated by inflammatory mediators via the IRAK1/TRAF6 pathway in the spinal cord. As a negative feedback element, miRNA-146a could make sure that the expression of IRAK1-and TRAF6-mediated genes was under tight control. Thus, miRNA-146a may serve as a novel therapeutic target for SCI interventions.
Introduction
Spinal cord injury (SCI) is one of the most common injuries that is observed in spine and neurosurgery departments. The spinal cord is very susceptible to injuries and its self-repair capacity is limited. SCI is usually caused by sports injuries, building accidents, motor vehicle accidents, and violence. SCI can cause paralysis or loss of movement or sensation. Currently, the treatment of SCI remains one of the greatest challenges for clinical investigators, and the understanding of mechanisms that can be utilized by SCI therapeutics is still limited.
Biochemical disturbances accompany vascular alterations and cellular responses that are caused by SCI which will activate the inflammatory response. After that, cell apoptosis, Wallerian degeneration, and scarring will occur from days to years after the injury [1, 2] .
Other investigators have previously reported that different gene expression along with posttranscriptional regulation significantly contributes to SCI pathogenesis [1, 3, 4] . Meanwhile, miRNAs have recently become the most important posttranscriptional regulators due to their ability to inhibit mRNA translation [5] . miRNA is a kind of noncoding small RNA, which is usually no longer than 22 nucleotides. The miRNAs are able to regulate gene expression by destabilizing mRNA translation [6, 7] . Individual miRNAs may affect a biological process by coordinating the translation of several even dozens of coding genes [8] .
More and more evidence that miRNAs are involved in immune response have been found in recent studies [9, 10] . Furthermore, there is now accumulating evidence suggesting that miRNA-146a participates in the regulation of the innate immune response, which is well known for its regulation of the TLR signaling pathway and proinflammatory cytokines [11] [12] [13] . miRNA-146a has been certified to downregulate its target genes TNF receptor-associated factor 6 (TRAF6) and IL-1 receptor-associated kinase 1 (IRAK1), which leads to the inhibition of the inflammatory reaction in macrophages, monocytes, astrocytes, and neurons [14] [15] [16] [17] . Also, Lu et al. [18] demonstrated that miRNA-146a could attenuate neuropathic pain by suppressing TRAF6 signaling in the spinal cord.
Preliminary studies using next generation sequencing (NGS) examined the miRNA expression profiles post-SCI in animal models. Increasing expression of miRNA-146a was found in animal SCI models [5, 8] . Another study examined miRNA expression profiles post-SCI in rats using microarrays [19] , which confirmed that there were significant and common changes in miRNA-146a expression. However, there is currently limited information regarding the role of miRNA-146a and its mechanism of action. The putative role of miRNA-146a in SCI is still based on in silico predictions, and no direct evidence is reported. How miRNA-146a modulates the downstream target genes in SCI is still unknown, given that TRAF6 and IRAK1 play an important role in neuroinflammation [20, 21] , and miRNA-146a acts as a key regulator of the inflammatory reaction [15, 16] . In this study, we determined the role of miRNA-146a in SCI and tried to find out how it participated in SCI recovery by regulating its target genes (TRAF6 and IRAK1) using a rat SCI model.
Material and Methods

Animals Used.
Adult, female Wistar rats weighing approximately 200 g obtained from the Laboratory Animal Center of Guangdong Medical University (Guangdong, China) were used for all experimental procedures. The rats were housed in wire cages (50 × 30 × 20 cm) with food and water continuously available.
SCI Model and Treatment.
A rat SCI model was established by compressing the spinal cord using a forceps with a preestablished separation of the blades for 10 sec (approximately 200 kdyne, which was determined by preliminary experiments) at the 8∼10th thoracic vertebra to induce a spinal cord injury. Forceps blade separation was confirmed before each surgery with microcalipers making sure that the dura remained intact during injury introduction. After compressing, the injury site was washed with room temperature saline. Most SCI rats exhibited flaccid paralysis or spasm of the lower extremities after the SCI surgery. In our study, the rats that exhibited flaccid paralysis of the lower extremities were chosen for the next study. The rats' bladders were manually expressed to assist urination twice a day until the animals regained bladder control. The injured animals were evaluated for lower extremities locomotion using BBB scale.
After SCI surgery, the rats were divided into 3 distinct groups: one group was injected with miRNA-146a antagomir negative control (SCI + NC), one group was injected with miRNA-146a antagomir (SCI + antagomir), and the last Antagomir injection Animal sacrifice Figure 1 : Schematic flowchart of the experimental procedure for SCI treatment and evaluation. 10 animals were involved in each treatment (three animals each time were sacrificed at day 1, day 3, and day 7 after SCI, one more extra animal prepared for in case of animal accidental death).
group was given laminectomies without the injection (sham). The tail intravenous injection was used for all the animal injections. After surgery, the rats were housed individually, and long sipper tubes were used to make sure that the rats could reach the water freely. The animals were anesthetized with an intraperitoneal injection of 7% chloral hydrate at 75 mg/kg before the animals were sacrificed.
RNA and Protein Extraction.
Spinal cord fragments around the injury were cut out from the vertebra after the rats were sacrificed. Then, the fragments were maintained in RNAlater buffer (Qiagen) until total RNA extraction. Another group of animals treated in parallel was used for histopathology.
Total RNA was extracted by SV Total RNA Isolation (Promega USA), and the concentration and purity were determined using a Nanodrop2000 spectrophotometer. RNA integrity was determined using agarose gel electrophoresis.
miRNA-146a
Inhibition. MicrOFFTM mmu-miRNA146a antagomir (RIBOBIO, Guangzhou, China) acted as a high-efficiency antagonist for miRNA-146a and was used for inhibiting the expression of miRNA-146a. Because the efficacy of the antagomir produced by RIBOBIO can last for two weeks in animal bodies, antagomir (5 nmol) was injected into animal bodies through the tail vein to avoid the extra injury from intrathecal injection on day 1, day 3, and day 5 after surgery. The time axis of injection and animal sacrifice are illustrated in Figure 1 .
Real-Time Quantitative PCR (qPCR) and WB (Target Genes)
. MRNA reverse transcription was performed using an oligo dT primer and MMLV enzyme according to the manufacturer's protocol. A small RNA extraction kit (Takara) was used for miRNA detection, and the small RNA reverse transcription was performed using PrimeScript miRNA cDNA Synthesis Kit (Takara). Real-time quantitative PCR analysis was performed using Light Cycler5 480(Roche) with SYBR green dye detection (Takara). The primers used in our study were summarized as shown in Table 1 .
Thermal cycle of qPCR amplifications was performed at 95 ∘ C for 1 min, followed by 40 cycles at 95 ∘ C for 5 s and 60 ∘ C for 45 s, and a 10 min incubation at 72 ∘ C was carried out at the end of the cycles. GAPDH and U6 were adopted as endogenous controls to normalize differences for mRNA and miRNA detection, respectively. Quantification analysis using normalizing cycle threshold values (Ct) with GAPDH Ct or U6 Ct and the data was analyzed using the 2 −ΔΔCT method. Melt curves were also performed after the amplification to avoid nonspecific products.
The protein concentrations were determined using a BCA protein assay kit (Shanghai, China) after the spinal cord was harvested. Western blotting analyses were performed using SDS-PAGE. After PAGE, the proteins were transferred to PVDF membranes. Then, the membranes were blocked in 5% nonfat milk for 1.2 h at room temperature and then incubated with antibodies overnight at 4 ∘ C. Antibodies against IRAK1 and TRAF6 were obtained from PL Laboratories (Canada), and the antibody against -actin was purchased from Sigma. Proteins were visualized with enhanced chemiluminescence. Relative intensities were determined using Quantity One 4.6.2 software (Bio-Rad, USA), and GAPDH was used as the internal control. Data were given as the mean ± SD of the percentage ratio of the control.
Cytokines Detection.
The inflammatory cytokines (including TNF-, IL-1 , IL-6, IL-12, and RANTES) levels were determined to examine the effects of miRNA-146a on the levels of cytokines at the injured region. Spinal cord sample around the injury site was dissected and incubated in cell medium DMEM (Sigma) supplemented with 10% FBS and 0.2% paramucin. Inflammatory cytokines were detected after a 24 h incubation using a milliplex inflammatory cytokine kit (Millipore, USA). The cytokines were incubated with the antibodies in Elisa plates, after washing the extra antibodies, the absorbance was measured using a multiscan spectrum.
Luciferase Assay.
In order to confirm whether miRNA146a could directly target the mRNAs of IRAK1 and TRAF6, the 3 -UTR sequence of IRAK1 and TRAK6 was cloned into the 3 site of the luc2 reporter gene on a plasmid (Promega, USA) to construct a report plasmid. Then, 300 ng of the plasmid, 30 ng of pRL-TK-Renilla luciferase, and the miRNA mimic (final concentration 40 nM) were cotransfected in SH-SY5Y using Lipofectamine 2000. Luciferase activity was measured by the Dual-Luciferase Reporter Assay (Promega) according to the manufacturer's protocol 24 hours after transfection. 
Recovery of SCI and BBB.
The animals were acclimated to the outside fields for 3 days befor surgery to avoid subjects holding still (i.e., freezing) when they are introduced to a new apparatus. The BBB scale [22] was used for assessing locomotor behavior for 7 days after surgery in an open enclosure. Each animal was placed alone in the open field for 5 min, and locomotor behavior scores were derived according to the procedure developed by Basso et al. [22] , making sure that the investigators' scoring behavior had high intra-and interobserver reliability, and the person that provided the score was blind to the subject's experimental treatment. All the scores were acquired three times to make sure the data were accurate.
Statistical Analysis.
The results represent the mean ± standard deviation (SD). Differences in the data were tested for statistical significance using two-way ANOVA or oneway ANOVA. For all tests, < 0.05 was considered to be statistically significant.
Results
Overexpression of miRNA-146a in the Animal Model of SCI.
In the negative control (SCI + NC) group, miRNA146a was increased ( < 0.05), whereas it was obviously downregulated after the miRNA-146a antagomir injection on the third and seventh day after surgery (Figure 2 ). Remarkable upregulation of miRNA-146a was not detected on the first day after surgery in the SCI + NC group, and also there was no difference in the expression of miRNA-146a during the experiment in the sham group (Figure 2 ). 
IRAK1 and TRAF6 Were Regulated by miRNA-146a.
Compared to miRNA-146a, the expression of genes IRAK1 and TRAF6 presented the opposite regulation model (Figure 3) . The transcription of the two genes was increased on the first day after surgery and then decreased significantly over the next couple of days in the SCI + NC group. However, in the SCI + antagomir injection group, there was a dramatic upregulation of IRAK1 and TRAF6 in mRNA transcription on days 3 and 7 after SCI. Similarly, significant protein levels of the two genes were also detected and rose significantly in the antagomir injection group compared to the sham or SCI + NC group 7 days after the operation (Figure 4) . In order to detect a direct interaction between miRNA146a and the IRAK1/TRAF6 3 -UTR, we, respectively, cloned the IRAK1/TRAF6 3 -UTR sequence downstream of the luciferase reporter gene. In the luciferase assay, the miRNA146a mimics reduced the luciferase levels in the UTRcontaining plasmids compared to the control group ( < 0.05; Figure 5 ). These results suggested that miRNA-146a may modulate IRAK1 and TRAF6 expression by directly targeting the 3 -UTR of their mRNA.
Expression of Proinflammatory Cytokines.
Compared to the sham animals, the proinflammatory cytokines, such as IL-1, IL-6, IL-8, TNF-, and RANTES, were increased on the first day after SCI surgery but reduced 3 or 7 days after SCI (SCI + NC). However, the proinflammatory cytokines kept increasing when the animals were injected with miRNA-146a antagomir (SCI + antagomir) ( < 0.05, Figure 6 ). In this sense, inhibition of miRNA-146a could positively regulate proinflammatory cytokines in the rat SCI model.
Recovery of SCI and BBB.
The BBB scores showed that athletic ability was recovered in all the sham animals 3 days after SCI surgery. However, animals in the SCI + NC group recovered slowly compared to the sham group, and they regained athletic ability 7 days after SCI. Animals in the SCI + antagomir group endured more during the experiment, and even on day 7, the BBB scores were only approximately 5∼10. Additionally, one of the animals in the antagomir group died on the 5th day after SCI surgery ( Figure 7 ).
Discussion
Accumulating evidence suggests that miRNA-146a acts as a modulator of the innate immune response and affects the inflammatory cytokine levels in immunological and other brain cell types. Lukiw recently reported that an upregulated BBB scores of different model groups. 5 BBB scores were adopted 1 day and 3 days after SCI; 4 BBB scores were adopted, while only 4 animals were left 7 days after SCI. The expression levels are shown as the mean ± SD.
miRNA-146a might be integral to innate immune or inflammatory brain cell responses in prion-mediated infections and to progressive and irreversible neurodegeneration of both the murine and human brain [23] . Although accumulated evidence suggests that miRNA-146a may participate in SCI recovery [5, 8, 24] , there is still limited knowledge of the miRNA-146a regulatory networks that modulate genes expression.
IRAK1 and TRAF6 are known to be part of the common signaling pathway of the TIR super family, and they are also involved in the MAPK pathway. However, although several studies have reported that IRAK1 and TRAF6 were downregulated following miRNA-146a overexpression [14] [15] [16] [17] [18] , the overexpression did not appear to be responsible for the responses that were observed following SCI recovery.
In our study, we found that IRAK1 and TRAF6 transcription in the SCI + NC group was upregulated on the first day after surgery compared to the sham group and then that transcription was significantly downregulated 3 and 7 days after the surgery (Figure 3) . Similarly, the secretion of proinflammatory cytokines, including IL-6, IL-8, TNF-, and RANTES, was extremely upregulated on the first day after surgery, whereas their expression was significantly downregulated 3 and 7 days after surgery in the SCI + NC group. Furthermore, the secretions of proinflammatory cytokines, as well as the protein levels of the two genes, rose sharply after antagomir was injected into the animals (Figures 4 and 6) . Conversely, miRNA-146a expression was upregulated 3 and 7 days after surgery, whereas no remarkable expression differences were observed on the first day after surgery (Figure 2 ) in the SCI + NC group. Our data suggested that miRNA-146a played a repressive role in IRAK1 and TRAF6 expression and subsequently downregulated proinflammation cytokines. This outcome was consistent with a former study that reported that miRNA-146a inhibited the activation of NF-B [25] and the expression of some other inflammatory mediators, including TNF-a, IL-6, COX-2, and CXCL12 [15, 26, 27] , which suggests an anti-inflammatory effect for miRNA-146a.
Moreover, the former study indicated that miRNA-146a negatively regulated the inflammatory response in human gingival fibroblasts by directly binding to the IRAK1 3 -UTR [28] . Also, the bioinformatic analysis exhibited that there are binding sites in the TRAF6 3 UTR. Our luciferase assay also indicated that miRNA-146a could repress luciferase expression to directly target the 3 UTR of TRAF6 and IRAK1 ( Figure 5) . Furthermore, the expression of TRAF6 and IRAK1 rose sharply after antagomir was injected into the animal model. Therefore, we speculated that miRNA146a suppressed the expression of TRAF6 and IRAK1 via binding to the 3 UTR. Consistent with this outcome, our data demonstrated that miRNA-146a could suppress the inflammation induced by SCI through downregulating IRAK1 and TRAF6.
The inflammatory response is usually modulated by molecular immune mediators, such as inflammatory cytokines (TNF-a, IL-6, etc.). Usually, excess proinflammatory cytokines would enhance the inflammation signaling pathway and induce more proinflammatory cytokines. This increase would initiate a vicious feedback loop that may play important roles in inducing or maintaining long-term inflammation (Figure 8) .
However, our present data showed that SCI did not change miRNA-146a expression in the early phase (1 day), but the expression of miRNA-146a significantly increased in the maintenance phase (3 and 7 days). This result implied that the upregulation of miRNA-146a might be activated by proinflammation cytokines. In fact, Nakasa et al. [29] reported that TNF and IL-1 could induce miRNA-146a expression in human rheumatoid arthritis synovial fibroblasts. Taganov et al. have also shown that miRNA-146a can be induced by NF-B activation [16] .
Furthermore, Xie et al. reported that miRNA-146a, IL-1, IL-6, and TNF-levels were downregulated when inhibiting NF-B. But, on the contrary, p50/p65 strongly activated the miRNA-146a promoter in a luciferase assay [30] . Wang et al. [17] found that intrathecal injection of amiRNA-146a mimic might exert antinociceptive effects by regulating the TRAF6 and IRAK1 function in the DRG.
Therefore, we speculated that miRNA-146a could not only contribute to SCI recovery through inhibition of the IRAK1/TRAF6 pathway but also could be induced by proinflammatory cytokines downstream of the IRAK1/TRAF6 signaling pathway (Figure 8 ). This feedback mechanism provided an efficient way to avoid the severe inflammatory response induced by SCI, which contributed to the recovery of SCI.
These findings collectively indicate that miRNA-146a upregulation in SCI may be driven by proinflammatory cytokines, which in turn negatively regulate the proinflammatory cytokines by downregulating the expression of TRAF6 and IRAK1 [31] . Thus, overexpression of miRNA146a at 7 days after surgery for SCI may be a consequence of an increase in proinflammatory cytokines on previous time (1 day). Then the upregulation of miRNA-146a may have in turn inactivated this pathway via a negative feedback mechanism so that the IRAK1/TRAF6 pathway would not be overactivated. Therefore, miRNA-146a may serve as a powerful potential therapeutic target for SCI. However, we did not test whether an overdose of miR-146a mimic could improve the motor function after SCI, as the miRNA-146a level was already greatly upregulated (about 4 times), and the extra overdose of miR-146a mimic would overaffect the inflammatory reaction, which may be possibly harmful to the SCI recovery. But we do not disavow the possibility that overdose of miR-146a mimic may improve the motor function after SCI, which should be certified by further experiment.
